Introduction
Reducing car-body weight and faster running speeds create unfavorable conditions that increase the risk of overturning in case of cross winds. Therefore, it is important to be able to accurately evaluate vehicle running safety when strong cross winds are blowing. One of the indicators used to evaluate safety in the case of cross winds is the "wheel unloading ratio" or the "critical wind speed of overturning". The critical wind speed of overturning is defined as the wind speed corresponding to the aerodynamic force which causes the wheel load on the windward side to be zero, that is, a wheel unloading ratio of 100%. To obtain this value, in Japan, a static analytical equation called the Kunieda equation [1] is used. Given the need for a more accurate evaluation mentioned above, a method has been proposed to evaluate the critical wind speed of overturning more precisely, using the "RTRI detailed equation" [2] , which incorporates recent research results, using the Kunieda equation as a base.
The RTRI detailed equation is also a static analytical equation, and the lateral vibrational inertia force considered therein is replaced with static force. However, the generation of lateral vibrations on a car body is a dynamic phenomenon, and the effect of lateral vibrations on overturning can depend on their amplitude and frequency. Thus, the relationship was examined between the amplitude of lateral acceleration (i.e. the maximum value of the lateral vibrational acceleration) or the frequency, and the wheel load variation. In addition, studies were carried out to find a correction method for the critical wind speed of overturning estimated from static analyses with the use of the measured lateral vibrational acceleration values. Furthermore, the validity of the correction method was verified with data from on-track running tests.
Assumption of the car-body lateral acceleration in the static analysis
This chapter explains the assumptions made, or the conceptualization of lateral vibrational acceleration in the RTRI detailed equation. The RTRI detailed equation assumes a linear equation where lateral acceleration increases proportionally to the running speed, for which the maximum value is 0.98 m/s 2 at the maximum running speed (Equation (1)). On the other hand, the Kunieda equation assumes that the lateral vibrational acceleration increases proportionally to the running speed up to 80 km/h, while it remains constant at 0.98 m/s 2 over 80km/h (Equation (2)). Both of these equations were proposed based on the results of on-track running tests conducted during the development of each evaluation equation, and the maximum half-amplitude values are taken into consideration, excluding high-frequency components (generally approx. 2 Hz or more) that do not affect vehicle overturning. Although the RTRI detailed equation follows the broad direction of the Kunieda equation, it incorporates the assumptions described above for the following reasons: (i) the assumed maximum train speed is significantly higher that when the Kunieda equation was first proposed; and (ii) the occurrence of singularities at 80 km/h as seen in the results of calculations made using the Kunieda equation should be avoided. Its validity was verified in on-track running tests [3] . The singular point at 80 km/h refers to the phenomenon that the slope in the graph (i.e. tendency of increasing/decreasing the critical wind speed of overturning against the running speed) changes abruptly at 80 km/h if the critical wind speed of overturning calculated by the Kunieda equation is expressed in a graph with the traveling speed plotted on the horizontal axis. Reference [3] reported that the acceleration data exceeding the assumed values by equation (1) were measured at a rate less than 1% of the total measured data and most of them were obtained when the vehicle passed through a turnout at a relatively low speed, and that the frequency is close to the natural frequency of the lowercenter rolling of the vehicle. On the other hand, it has been reported that the frequency of significant acceleration data measured at a high speed is higher than the natural fre-quency of the lower-center rolling of the vehicle. Thus, in the simulation explained below, the calculation conditions were set in consideration of occurrence of these situations and researched the relationship between the amplitude or frequency of the lateral acceleration and the wheel load variation.
Effect of the car-body lateral acceleration on the wheel unloading ratio

Study by simulation
Calculation model
This section describes the study of the relationship between the car-body lateral acceleration and the wheel load variation generated by the lateral vibration of the wheelset, by using a simulation method developed for analyzing the response of vehicles to cross winds [4] . Figure 1 shows the calculation model.
The vehicle model for this simulation is an extension of the half-vehicle cross-section static analysis model (constructed in Ref. [2] ) to a full-vehicle dynamic analysis model. It is characterized by the following: (i) when the differences between results obtained through analysis using the proposed model and those obtained through the former static analysis and dynamic analysis using a half-vehicle cross-section model are examined, it is possible to minimize the effect of the difference in analysis model on the calculation result, and (ii) the simulation program can be constructed relatively easily.
Calculation conditions
In the simulation, the lateral displacement assuming the track irregularity was given to the wheelset. Specifically, each wheelset was vibrated laterally with the same phase by a sine or triangular wave, and a parameter study was conducted with respect to its amplitude, the basic frequency, the number of excitations. Table 1 lists the calculation conditions. The vehicle specifications used for the  calculation were the standard values (approximate values) for relatively light-weight modern commuter vehicles. the acceleration data exceeding the assumed values by equation (1) were measured at a rate less than 1% of the total measured data and most of them were obtained when the vehicle passed through a turnout at a relatively low speed, and that the frequency is close to the natural frequency of the lower-center rolling of the vehicle. On the other hand, it has been reported that the frequency of significant acceleration data measured at a high speed is higher than the natural frequency of the lowercenter rolling of the vehicle. Thus, in the simulation explained below, the calculation conditions were set in consideration of occurrence of these situations and researched the relationship between the amplitude or frequency of the lateral acceleration and the wheel load variation.
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Calculation results
The time-series responses of lateral acceleration occurring in the car-body and wheel load variation were obtained under the above respective calculation conditions. As for the number of excitations, the calculation was repeated while increasing the number of waves in each excitation by one until the maximum value of the wheel unloading ratio converged to a certain value. Although it converged approximately around the third wave in many cases, there was less tendency for convergence near the resonance frequency of the lower-center rolling and there were cases where no convergence occurred until approximately the sixth wave at the latest. the acceleration data exceeding the assumed values by equation (1) were measured at a rate less than 1% of the total measured data and most of them were obtained when the vehicle passed through a turnout at a relatively low speed, and that the frequency is close to the natural frequency of the lower-center rolling of the vehicle. On the other hand, it has been reported that the frequency of significant acceleration data measured at a high speed is higher than the natural frequency of the lowercenter rolling of the vehicle. Thus, in the simulation explained below, the calculation conditions were set in consideration of occurrence of these situations and researched the relationship between the amplitude or frequency of the lateral acceleration and the wheel load variation.
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Calculation results
The time-series responses of lateral acceleration occurring in the car-body and wheel load variation were obtained under the above respective calculation conditions. As for the number of excitations, the calculation was repeated while increasing the number of waves in each excitation by one until the maximum value of the wheel unloading ratio converged to a certain value. Although it converged approximately around the third wave in many cases, there was less tendency for convergence near the resonance frequency of the lower-center rolling and there were cases where no convergence occurred until approximately the sixth wave at the latest. 
The time-series responses of lateral acceleration occurring in the car-body and wheel load variation were obtained under the above respective calculation conditions. As for the number of excitations, the calculation was repeated while increasing the number of waves in each excitation by one until the maximum value of the wheel unloading ratio converged to a certain value. Although it converged approximately around the third wave in many cases, there was less tendency for convergence near the resonance frequency of the lowercenter rolling and there were cases where no convergence occurred until approximately the sixth wave at the latest.
Figures 2 and 3 show the examples of the simulation results. Figure 2 is an example of the time series waveforms for calculated results with the following conditions: 10 mm amplitude sine wave, frequencies of 0.2, 0.5, and 2.0 Hz and three waves of excitation. The upper and lower graphs show the lateral acceleration and the wheel unloading ratio, respectively. This calculation was made for each condition to examine the relationship between the maximum lateral acceleration value and the maximum value of the wheel unloading ratio. The maximum wheel unloading ratio was chosen within a range of several seconds including the moment when lateral acceleration peaked, because the timing of the peak in lateral acceleration and the maximum in the wheel unloading ratio did not always coincide. Figure 3 shows the correlation between the maximum values of lateral acceleration and those of the wheel unloading ratio together with the relationship between the lateral acceleration (steady value) and the wheel unloading ratio (steady value) obtained using the RTRI detailed equation, i.e. a static analytical equation. Figure 3 reveals that the maximum value of the wheel unloading ratio varies depending on the vibration frequency even for the same maximum lateral acceleration value. In addition, the figure reveals that the maximum value of the wheel unloading ratio varies depending on the waveform of vibration even for the same frequency. Furthermore, it shows that the maximum lateral acceleration value increased with the increase of the vibration amplitude and the number of excitations, and in the case of the same frequency, there was almost a linear relationship between the maximum lateral acceleration value and that of the wheel unloading ratio.
From the above results, if the critical wind speed of overturning is evaluated using measured lateral acceleration values, the estimated critical wind speed of overturning could include an error if it is evaluated only with the maximum acceleration values without considering the frequency (or duration) of the acceleration. The next section therefore examines a technique for reducing the error in estimation when the critical wind speed of overturning is to be evaluated using measured lateral acceleration values.
Study on how to correct the maximum acceleration value used for static analysis
The result of the parameter study described in the previous section shows a tendency that when the lateral acceleration occurs at a relatively low frequency, the wheel unloading ratio is larger than the static-analysis result for the same acceleration value, and conversely, when the lateral acceleration occurs at a relatively high frequency, it is lower than the static-analysis result. Therefore, this section examines how to correct the maximum value using the duration time of the lateral acceleration defined in Fig. 4 and how to consider the effect of the dynamic behavior of the vehicle equivalently in the static analysis. ("Duration time" hereinafter is defined as half the period of a sine wave in the case where the acceleration time-series waveform corresponding to the maximum lateral acceleration is regarded as a half sine wave.) Note that the low and high frequencies hereinafter represent those with reference to the natural frequency of the lowercenter rolling of the vehicle. (Generally about 0.5 to 1.0 Hz.)
According to the results of the simulation study in the previous section, there was an approximate linear relationship between the maximum lateral acceleration value and the maximum value of the wheel unloading ratio and the duration time was almost the same regardless of the maximum acceleration value, when the lateral displacements given to the wheelset were the same in terms of waveform and vibration frequency. Therefore, if the maximum acceleration value is multiplied by the correction coefficient defined as the value obtained by dividing the slope of the above linear approximation by the slope of the static analysis result, the plotted data shown in Fig. 3 can be assumed to approximate the relationship between the acceleration and the wheel unloading ratio obtained through static analysis. Graph (a) in Fig. 5 was obtained by plotting the correction coefficient under each condition against the duration time, and the equation (3) was obtained by approximation with a cubic equation.
In this paper, this equation is used as the "correction equation" to obtain the correction factor for arbitrary duration time. The correction equation and the correction coefficient are considered to vary depending on the vehicle specifications and other conditions; therefore, in order to apply them to other vehicles, they need to be reviewed again according to the procedure described in sections 3.1.1 to 3.1.3.
As for the result of the simulation shown in Fig. 3 , the maximum lateral acceleration values were corrected with the above correction equation in accordance with the duration time. Then, the corrected maximum lateral acceleration values and the maximum values of the wheel unloading ratio were plotted in Fig. 5 (b) to show their relationship. This figure shows that the each plotted data approximates the relationship between the acceleration and wheel unloading ratio obtained through static analysis. Therefore, when the critical wind speed of overturning is to be estimated using measured lateral acceleration values, if the maximum lateral acceleration values are corrected in accordance with the duration time, the dynamic behavior of the vehicle can be equivalently considered, which could improve the estimation accuracy of the critical wind speed of overturning.
Verification with on-track test data
Outline of running test
In order to verify the validity of the method for correcting the maximum lateral acceleration value described in Sec- Figure 2 is an example of the time series waveforms for calculated results with the following conditions: 10 mm amplitude sine wave, frequencies of 0.2, 0.5, and 2.0 Hz and three waves of excitation. The upper and lower graphs show the lateral acceleration and the wheel unloading ratio, respectively. This calculation was made for each condition to examine the relationship between the maximum lateral acceleration value and the maximum value of the wheel unloading ratio. The maximum wheel unloading ratio was chosen within a range of several seconds including the moment when lateral acceleration peaked, because the timing of the peak in lateral acceleration and the maximum in the wheel unloading ratio did not always coincide. Figure 3 shows the correlation between the maximum values of lateral acceleration and those of the wheel unloading ratio together with the relationship between the lateral acceleration (steady value) and the wheel unloading ratio (steady value) obtained using the RTRI detailed equation, i.e. a static analytical equation. Figure 3 reveals that the maximum value of the wheel unloading ratio varies depending on the vibration frequency even for the same maximum lateral acceleration value. In addition, the figure reveals that the maximum value of the wheel unloading ratio varies depending on the waveform of vibration even for the same frequency. Furthermore, it shows that the maximum lateral acceleration value increased with the increase of the vibration amplitude and the number of excitations, and in the case of the same frequency, there was almost a linear relationship between the maximum lateral acceleration value and that of the wheel unloading ratio.
Study on how to correct the maximum acceleration value used for static analysis
The result of the parameter study described in the previous section shows a tendency that when the lateral acceleration occurs at a relatively low frequency, the wheel unloading ratio is larger than the static-analysis result for the same acceleration value, and conversely, when the lateral acceleration occurs at a relatively high frequency, it is lower than the static-analysis result. Therefore, this section examines how to correct the maximum value using the duration time of the lateral acceleration defined in Fig. 4 and how to consider the effect of the dynamic behavior of the vehicle equivalently in the static analysis. ("Duration time" hereinafter is defined as half the period of a sine wave in the case where the acceleration timeseries waveform corresponding to the maximum lateral acceleration is regarded as a half sine wave.) Note that the low and high frequencies hereinafter represent those with reference to the natural frequency of the lower-center rolling of the vehicle. (Generally about 0.5 to 1.0 Hz.)
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(3)
As for the result of the simulation shown in Fig. 3 , the maximum lateral acceleration values were corrected with the above correction equation in accordance with the duration time. Then, the corrected maximum lateral acceleration values and the maximum values of the wheel unloading ratio were plotted in Fig. 5(b) to show their relationship. This figure shows that the each plotted data approximates the relationship between the acceleration and wheel unloading ratio obtained through static analysis. Therefore, when the critical wind speed of overturning is to be estimated using measured lateral acceleration values, if + − = tion 3.1.4, lateral vibrational accelerations and wheel load data (obtained in the on-track running test) provided by the Safety Laboratory of the JR East R&D Center were used. In order to verify the generality or applicable range of the lateral vibrational acceleration assumption (the assumed equation (1)) in the RTRI detailed equation, this laboratory has been measuring lateral vibrational accelerations on various kinds of vehicle running under different track conditions [3, 5] . For this paper, the measurements from a commuter vehicle from amongst this set of running test data were selected.
The running test was conducted as follows: The measurement car was a control trailer. The lateral acceleration was measured with a single axis type accelerometer installed in the center of the car-body floor. The wheel load was measured by the wheel load / lateral force measuring wheelset mounted on the bogie (both wheelsets) on the cab side. The test vehicle ran at the normal operating speed along a section of line located in the suburbs of Tokyo.
Data processing
The measured data was subjected to the following primary processing: First, 2 Hz low-pass filter processing was performed in order to remove high-frequency vibration components not affecting overturning (e.g. noise). Next, in order to remove steady lateral acceleration in curved sections, the 3 sec moving average (average of data for the preceding and succeeding 1.5 sec) was subtracted from the time-series data resulting from the 2 Hz low-pass filter processing. Namely, the time-series data were prepared by extracting only the pure variation components (deviation components) with respect to the vibration phenomenon not higher than 2 Hz. In addition, in order to examine the effect on overturning, the average wheel load from front and rear wheelset data was considered for each of the left and right sides, and the wheel unloading ratio was calculated per bogie.
Results of data analysis
(1) Relationship between the running speed and the lateral vibrational acceleration Figure 6 shows the relationship between the running speed and the lateral vibrational acceleration. The data were obtained from a round trip through the approximately 45 km suburbs section of Tokyo. Measurements were made on the last car during the out-bound run and on the first car during the in-bound run. Figure 6 shows that there was no large difference in the lateral acceleration between the out-bound and inbound runs, and that the measured values were generally smaller than those estimated using the assumed equation (1) . However, at 20 to 40 km/h, lateral acceleration exceeded the estimated values obtained with the assumed equation (1) in some cases. Similar to the cases shown in Ref. [3] , these occurred mainly when the vehicle passed through a turnout and also sometimes occurred when it passed through the entrance or exit of a curved section. The percentage of data exceeding the estimates was 0.8% for the out-bound run and 0.3% for the in-bound run. (2) Relationship between lateral vibrational acceleration and wheel load variation The time-series waveforms of the lateral acceleration and the wheel unloading ratio for the very large values observed in Fig. 6(a), i. e., those (exceeding estimated values obtained with the assumed equation (1)) observed near the speed of 27 km/h, and the others (below the estimated values obtained with the assumed equation (1)) near the speed of 70 km/h, are shown in Fig. 7 .
Figure 7(a) shows that lateral acceleration varies regularly at a frequency of approximately 0.5 Hz (duration time of acceleration = 1.07 sec), which is close to the natural frequency of the lower-center rolling of the vehicle. The wheel unloading ratio corresponding to the maximum lateral acceleration value (i.e. 0.43 m/s 2 ), is 21.1%, which is larger than the wheel unloading ratio (i.e. 13.3%) obtained through the static analysis for the same acceleration value. Fig. 7(b) however shows that only one wave of the lateral acceleration was acting impulsively, with acceleration lasting 0.87 sec. The wheel unloading ratio for the maximum lateral acceleration value (i.e. 0.66 m/s 2 ), was 20.5%, which was almost the same as the wheel unloading ratio (i.e. 19.7%) obtained through 
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(2) Relationship between lateral vibrational acceleration and wheel load variation
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The time-series waveforms of the lateral acceleration and the wheel unloading ratio for the very large values observed in Fig. 6(a) , i.e., those (exceeding estimated values obtained with the assumed equation (1) the static analysis for the same lateral acceleration value. From the above, it was verified that, also in the actual measurement results, when the frequency of the lateral acceleration is close to the natural frequency of the lowercenter rolling of the vehicle, the wheel unloading ratio is greater than that obtained through static analysis, which is similar to the simulation results described in Section 3.1.3. In addition, it was confirmed again that this situation tends to occur when the vehicle passes through a turnout at a relatively low speed, as mentioned in Ref. [3] .
Study on how to apply measured data
Correcting maximum car-body lateral vibrational acceleration value taking duration time into consideration
Also for the measured data explained in Section 3.2, in the same procedure as that explained in Section 3.1.4 we try to correct the maximum vibrational acceleration value, taking the duration time into consideration. Fig. 3 , shows that for long duration times, the wheel unloading ratio exceeds the value obtained through the static analysis for the same acceleration, and conversely, when duration times are shorter, the unloading ratio is smaller than the value obtained through the static analysis. Figure 8(b) shows the result after correcting the maximum acceleration values in accordance with the acceleration duration time, by using the correction equation mentioned in Section 3.1.4. Figure 8 (b) reveals that results obtained for acceleration duration times of 0.5 to 1.0 sec or 1.0 to 1.3 sec are similar to the relationship between the acceleration and the wheel unloading ratio obtained through the static analysis, but the results for acceleration duration times of 0.3 to 0.5 sec did not follow the same trend. In this case, if the wheel unloading ratio is evaluated based on the corrected maximum lateral acceleration value, it will be underestimated (taken to be on the danger side). The concept of correction described in Section 3.1.4, therefore, seems to be generally appropriate for relatively long duration times, but further study is needed for the correction method to be used for short duration times. However, the cause of the difference in tendency from the simulation results is conceivable qualitatively as follows: In (1)) near the speed of 70 km/h, are shown in Fig. 7 . Fig. 7(a) shows that lateral acceleration varies regularly at a frequency of approximately 0.5 Hz (duration time of acceleration = 1.07 sec), which is close to the natural frequency of the lower-center rolling of the vehicle. The wheel unloading ratio corresponding to the maximum lateral acceleration value (i.e. 0.43 m/s 2 ), is 21.1%, which is larger than the wheel unloading ratio (i.e. 13.3%) obtained through the static analysis for the same acceleration value. Fig. 7(b) however shows that only one wave of the lateral acceleration was acting impulsively, with acceleration lasting 0.87 sec. The wheel unloading ratio for the maximum lateral acceleration value (i.e. 0.66 m/s 2 ), was 20.5%, which was almost the same as the wheel unloading ratio (i.e. 19.7%) obtained through the static analysis for the same lateral acceleration value.
From the above, it was verified that, also in the actual measurement results, when the frequency of the lateral acceleration is close to the natural frequency of the lower-center rolling of the vehicle, the wheel unloading ratio is greater than that obtained through static analysis, which is similar to the simulation results described in Section 3.1.3. In addition, it was confirmed again that this situation tends to occur when the vehicle passes through a turnout at a relatively low speed, as mentioned in Ref. [3] .
Study on how to apply measured data
Correcting maximum car-body lateral vibrational acceleration value taking duration time into consideration
Also for the measured data explained in Section 3.2, in the same procedure as that explained in Section 3.1.4 we try to correct the maximum vibrational acceleration value, taking the duration time into consideration. Fig. 3 , shows that for long duration times, the wheel unloading ratio exceeds the value obtained through the static analysis for the same acceleration, and conversely, when duration times are shorter, the unloading ratio is smaller than the value obtained through the static analysis. Figure 8(b) shows the result after correcting the maximum acceleration values in accordance with the acceleration duration time, by using the correction equation mentioned in Section 3.1.4. Figure 8 (b) reveals that results obtained for acceleration duration times of 0.5 to 1.0 sec or 1.0 to 1.3 sec are similar to the relationship between the acceleration and the wheel unloading ratio obtained through the static analysis, but the results for acceleration duration times of 0.3 to 0.5 sec did not follow the same trend. In this case, if the wheel unloading ratio is evaluated based on the corrected maximum lateral acceleration value, it will be underestimated (taken to be on the danger side). The concept of correction described in Section 3.1.4, therefore, seems to be generally appropriate for relatively long duration times, but further study is needed for the correction method to be used for short duration times. However, the cause of the difference in tendency from the simulation results is conceivable qualitatively as follows: In the simulation, the car-body is assumed to be a rigid body, and non-linear elements such as gaps and sliding parts are not taken into consideration in the spring system of the bogie and the joining parts of the spring system. Therefore, the effect of the wheelset vibration is transmitted to the car-body lateral vibrational acceleration without being attenuated. However, since the actual vehicle has nonlinear elements such as gaps and sliding parts and the body itself is not perfectly rigid, the wheelset vibration might be transmitted to the car-body lateral vibrational acceleration after being attenuated by these elements. In addition, it is provable that these effects are noticeable especially when the wheelset is vibrated at a high frequency; on the other hand, when it is vibrated at a low frequency, it is provable that the vehicle behaves under the conditions relatively close to those assumed for the simulation (rigid body, no nonlinear element). For this reason, in the simulation that gave the results shown in Fig. 3 , it is considered that the car-body lateral acceleration was calculated to be larger than the actual value, resulting in a lower correction accuracy, when the duration times of acceleration were shorter, that is, when the wheelset was vibrated at a high frequency.
Concept of lateral acceleration in the RTRI detailed equation
For general evaluation
Based on the results of the above study, using the assumed equation (1) , in order to calculate the critical wind speed of overturning using the RTRI detailed equation for a general safety evaluation, is thought to be still reasonable and leads to a safe side evaluation. This is because, as shown in Fig. 6 , the measured maximum lateral acceleration values are generally smaller than those obtained with the assumed equation (1), and even if they exceed the values by the assumed equation (1), the percentage of such cases is very small, less than about 1%. Moreover, such cases will mainly occur when a vehicle passes through a turnout at a relatively low speed. Inversely, however, this means that excessive safety margins may be generated for vehicles and line sections where lateral accelerations are not very large. The critical wind speed of overturning obtained by the RTRI detailed equation tends to be lower than that intuitively estimated from the daily experience because it assumes superposition of the worst assumed conditions. Therefore, in order to evaluate the critical wind speed of overturning which is a closer reflection of reality, taking the safety margin into consideration more appropriately, we should the simulation, the car-body is assumed to be a rigid body, and non-linear elements such as gaps and sliding parts are not taken into consideration in the spring system of the bogie and the joining parts of the spring system. Therefore, the effect of the wheelset vibration is transmitted to the car-body lateral vibrational acceleration without being attenuated. However, since the actual vehicle has nonlinear elements such as gaps and sliding parts and the body itself is not perfectly rigid, the wheelset vibration might be transmitted to the car-body lateral vibrational acceleration after being attenuated by these elements. In addition, it is provable that these effects are noticeable especially when the wheelset is vibrated at a high frequency; on the other hand, when it is vibrated at a low frequency, it is provable that the vehicle behaves under the conditions relatively close to those assumed for the simulation (rigid body, no nonlinear element). For this reason, in the simulation that gave the results shown in Fig. 3 , it is considered that the car-body lateral acceleration was calculated to be larger than the actual value, resulting in a lower correction accuracy, when the duration times of acceleration were shorter, that is, when the wheelset was vibrated at a high frequency.
Concept of lateral acceleration in the RTRI detailed equation
For general evaluation
Based on the results of the above study, using the assumed equation (1) , in order to calculate the critical wind speed of overturning using the RTRI detailed equation for a general safety evaluation, is thought to be still reasonable and leads to a safe side evaluation. This is because, as shown in Fig. 6 , the measured maximum lateral acceleration values are generally smaller than those obtained with the assumed equation (1) , and even if they exceed the values by the assumed equation (1), the percentage of such cases is very small, less than about 1%. Moreover, such cases will mainly occur when a vehicle passes through a turnout at a relatively low speed. Inversely, however, this means that excessive safety margins may be generated for vehicles and line sections where lateral accelerations are not very large. The critical wind speed of overturning obtained by the RTRI detailed equation tends to be lower than that intuitively estimated from the daily experience because it assumes superposition of the worst assumed conditions. Therefore, in order to evaluate the critical wind speed of overturning which is a closer reflection of reality, taking the safety margin into consideration more appropriately, we should consider a new evaluation method that uses that measured lateral acceleration values, which will be explained in the following section.
For more realistic evaluation
When the evaluation target vehicles and line sections are to be specifically selected in order to obtain a critical wind speed of overturning that is closer to realistic conditions, the critical wind speed should ideally be calculated using measured lateral acceleration values. In this case, if the evaluation is to be made for significantly large acceleration values exceeding the values by the assumed equation (1), they must be evaluated individually, for example, by checking conditions where large accelerations occurred in the case of short duration time; and in the case of long duration time, an evaluation closer to the actual phenomenon is thought to be possible by correcting the measured maximum acceleration values with their duration time. On the other hand, if the measured acceleration values are smaller than those obtained with the assumed equation (1), the relationship between the running speed and the lateral acceleration should be assumed so as to envelop the maximum values of the measured acceleration data plotted against the running speed. However, the probability of occurrence of the maximum value to be used for calculation is presumably quite low, therefore we need to study an evaluation method considering the occurrence probability of lateral acceleration.
Conclusion
In order to verify the influence of car-body lateral vibrational acceleration on vehicle overturning due to cross winds, the relationship between the amplitude of lateral acceleration (i.e. the maximum value of the lateral acceleration) or the frequency and the wheel load variation, was examined. In addition, a correction method was also studied for estimating the critical wind speed of overturning through static analysis when measured lateral acceleration values are used. Moreover, the validity of the correction method was verified using on-track running test data. The following results were obtained: (1) Simulations revealed that the maximum value of the wheel unloading ratio varied according to the vibration frequency even for the same maximum lateral acceleration value. In addition, it was revealed that the maximum value of the wheel unloading ratio varied with the waveform of the vibration even for the same frequency. (2) Based on the results in (1), when the critical wind speed of overturning is estimated using the measured lateral acceleration values, the dynamic behavior of the vehicle can be equivalently considered if the maximum lateral acceleration value is corrected in accordance with the duration time. This should improve the accuracy of critical wind speed of overturning estimations. (3) On-track running test results confirmed that when the frequency of the lateral acceleration is close to the natural frequency of the lower-center rolling of the vehicle, the wheel unloading ratio exceeds the value obtained through the static analysis, in accordance with the simulation result in (1). In addition, it was found that this situation tends to occur when the vehicle passes through a turnout at a relatively low speed, even though the probability of this occurring is quite low. (4) The correction method of the maximum acceleration value was applied to actual data in (3) in accordance with the duration time in the same manner as in (2) . The results of the correction showed that results when the acceleration duration time was between 0.5 to 1.0 sec or 1.0 to 1.3 sec were similar to the relationship between the acceleration and wheel unloading ratio obtained through the static analysis. However, results when acceleration duration time was between 0.3 to 0.5 sec diverged from this tendency. The concept of correction, therefore, seems to be generally appropriate for relatively long duration time, but further study is needed for the correction method to be used for shorter duration times. (5) The results from this study confirmed that in order to calculate the critical wind speed of overturning by using the RTRI detailed equation, use of the currently suggested assumed equation of the lateral acceleration is generally acceptable and produces results that can be considered to be on the safe side. In addition, if the duration time is short when the evaluation is to be made for significantly large acceleration values exceeding the values by the assumed equation, they need to be evaluated individually, for example, by checking the conditions in which these accelerations occurred; and if the duration time is long, more realistic evaluation is thought to be possible by correcting the measured maximum acceleration values in accordance with their duration times.
